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In t roduc t ion  
I n  r e c e n t  yea r s  t h e  search  f o r  lise-forms a t  the  e a r l i e s t  periods 
of geo log ica l  t i m e  has  been continued not only a t  the  morphological 
level bu t  a l s o  a t  t h e  molecular l e v e l .  This has been poss ib le  a s  a 
r e s u l t  of t h e  inc rease  i n  our biochemical knowledge and with t h e  ad- 
ven t  of  a n a l y t i c a l  techniques t h a t  a r e  capable of descr ib ing t h e  in-  
t i m a t e  molecular a r c h i t e c t u r e  of ind iv idua l  molecules i n  acute d e t a i l .  
The fundamental premises upon which t h i s  organic  geochemical approach 
r e s t  a r e  t h e  following: t h a t  c e r t a i n  molecules, possessing a character-  
i s t i c  s t r u c t u r a l  ske le ton ,  show a reasonable s t a b i l i t y  t o  degradation 
over  long pe r iods  of geologica l  time; t h a t  t h e i r  s t r u c t u r a l  s p e c i f i c i t y  
can be  understood i n  terms of known b iosyn the t i c  sequences; and tha t  
t h e i r  formation by any non-b io log id  means is of n e g l i g i b l e  p robab i l i ty .  
I n  t h i s  manuscript i t  i s  proposed t o  c r i t i c a l l y  re-examine these  pre- 
m i s e s  and t o  e s t a b l i s h  c r i t e r i a  whereby one can d i f f e r e n t i a t e  molecules 
* The work descr ibed here  was sponsored, i n  p a r t ,  by the  National  
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de r ived  from b i o l o g i c a l  systems from those  t h a t  have t h e i r  o r i g i n  i n  
non-b io logica l  processes .  The importance of establ-shing such c r i t e r i a  
l ies i n  t h e  s i % n i f i c a n c e  t h e s e  c r i t e r i a  have i n  determining whether 
l i f e  e x i s t s ,  o r  has  e x i s t e d ,  on o t h e r  p l a n e t s .  Within t h e  very  n e a r  
f u t u r e  i t  may be  p o s s i b l e  t o  provide an i n i t i a l  answer t o  t h i s  ques- 
t i o n  when t h e  f i r s t  l u n a r  samples a r e  r e tu rned  t o  t h e  e a r t h  f o r  
a n a l y s i s .  
Almost a l l  c l a s s e s  of o rgan ic  compounds which have been recognised 
a s  t h e  c o n s t i t u e n t s  of l i v i n g  organisms have been looked f o r  i n  sed i -  
. 
mentary d e p o s i t s  of  t h e  geo log ica l  environment. Such c l a s s e s  of com- 
pounds a r e  t h e  n u c l e i c  a c i d s ,  t h e  p r o t e i n s ,  t h e  amino a c i d s ,  t h e  
o r g a n i c  pigments,  t h e  carbohydrates  and t h e  l i p i d s .  A l l  t h e s e  f u l -  
f i l l  t h e  s t r u c t u r a l  s p e c i f i c i t y  requirement  s t a t e d  above, b u t  only 
' t h e  l i p i d s  and, t o  a l e s s e r  e x t e n t ,  t h e  c l a s s  of o rgan ic  pigments 
known a s  porphyr ins ,  s u r v i v e  from t h e  e a r l i e s t  pe r iods  of geo log ica l  
t ime t o  b e  r e l a t e d  t o  t h e i r  o r i g i n a l  form today. A l l  o rganic  compounds 
i n  t h e  g e o l o g i c a l  environment a r e  u n s t a b l e  w i th  r e s p e c t  t o  temperature.  
The rates of thermal  deg rada t ion  processes  w i l l  b e  dependent, there-  
f o r e ,  on t h e  n a t u r e ' o f  t h e  o rgan ic  compound and upon t h e  geothermal 
tempera tures  t o  which i t  has  been sub jec t ed .  S ince  some geothermal 
8 
t empera tures  a r e  o f t e n  q u i t e  low and may n o t  have exceeded 30°C, I 
..- 
organ ic  compounds may s u r v i v e  long period of  time i n  t h e  geo log ica l  
environment.  I n  some c a s e s  thermal  degrada t ion  w i l l  t ake  p l a c e  very 
2 
s lowly .  Conway and Libby measured the  r a t e s  of very  slow r e a c t i o n s  
under var ious  condi t ions ,  The s p e c i f i c  r eac t ion  which they chose t o  
s tudy was t h e  decarboxylat ion of the  amino ac id ,  alanine.  The r a t e s  
were meas~trcd us ing  rad ioac t ive  l a b e l l i n g  and low-level counting tech- 
niques a t  room temperature. The h a l f - l i f e  f o r  decarboxylation was 
9 found t o  be about 10  years ;  a t  higher temperatures (420-430°K) 
t h e  h a l f - l i f e  was only 100 years.  This experiment suggested t h a t  
amino ac ids  derived from t h e  hydrolysis  of p ro te ins  could be s t a b l e  
over mi l l ions  of y e a r s  under lower temperature condit ions.  I n  keep- 
i n g  with t h i s  p red ic t ion  libelson3 had i d e n t i f i e d  a s e r i e s  of amino 
a c i d s  inc lud ing  a lan ine ,  i n  a  T r i l o b i t e  f o s s i l ,  whose age i s  bel ieved 
I 
t o  be  450 m i l l i o n  years .  
* 
Other c l a s s e s  of organic  compounds might be expected t o  su rv ive  
t h e s e  r e l a t i v e l y  mild thermal condit ions of geologica l  environment. 
The s t a b l e  t e t r a p y r r o l e  por t ion  of the  porphyrin molecule has been 
4 i d e n t i f i e d  i n  sediments of Precambrian age. On t h e  o the r  hand, the  . 
carotenoid group of organic  pigments a r e  e a s i l y  destroyed a t  tempera- 
t u r e s  about ~ O O O C , ~  i n  keeping with t h e  almost t o t a l  absence of these  
compounds i n  sediments g r e a t e r  than 20,000 years  old. 
O f  a l l  t h e  c l a s s e s  o f ' o r g a n i c  compounds the  l i p i d s  have been most 
genera l ly  looked f o r  i n  the  geological  environment. Among t h e  l i p i d s  
t h e  presence of a  s e r i e s  of hydrocarbons, whose s t r u c t u r e s  a r e  based 
on t h e  C H i soprene  u n i t ,  has been invoked a s  evidence f o r  l i fe-forms 5 8 
i n  Precambrian times. I n  p a r t i c u l a r ,  two s p e c i f i c  hydrocarbons, phy- 
t ane ,  thought t o  be der ived from the  phytol  s i d e  chain of the  chloro- 
p h y l l  molecules,  t h e  green  p i p e n t  of p l a n t s ,  and p r i s t a n e ,  der ived  from 
phy to l  and a l s o  p r e s e n t  i n  marine organisms, have been-sought  i n  Precam- 
b r i a n  sediments .  
PRISTANE 
Their a r c h i t e c t u r a l  s k e l e t o n ,  which shows a methyl branch every f o u r  
carbons ,  is  s t a b l e  ove r  long  pe r iods  of t ime. Hydrocarbons which can 
b e  r e l a t e d  t o  the s t e r o i d  and t r i t e r p e n o i d  c l a s s  of organic  compounds 
have a l s o  been found i n  a n c i e n t  sediments.  Examples from t h i s  c l a s s  
5 
a r e  cho le s t ane  and gammacerane 6 whose s t r u c t u r e s  a r e  shown: 
4 
CIIOLESTANE CAMMACE RANE 
1 The s a t u r a t e d  hydrocarbons a r e  more s t a b l e  than the  porphyrins and 
would be expected t o  su rv ive  i n  t h e  geological  environment through 
per iods  of t i m e  g r e a t e r  than t h e  presently-accepted age of t h e  e a r t h  
9 (4.5 x 10  yea r s ,  approximately). The p r o l i f e r a t i o n  of isoprenoid 
hydrocarbons i n  Precambrian sediments, which have been cons i s t en t ly  
repor ted  by d i f f e r e n t  research  groups, 7-11 i s  the re fo re  not  su rp r i s -  
i n g . '  Simple c a l c u l a t i o n s  f o r  t h e  degradation of hydrocarbons by thermal 
12 
cracking mechanisms (assuming E $60 kcals/mole, a reac t ion  v e l o c i t y  ' 
constant  (sec-')Q 1.0 a t  about 7 0 0 ' ~ ~ ~  and t h e  absence of a c a t a l y s t )  
i n d i c a t e  t h a t  hydrocarbons should be s t a b l e  f o r e  more than years ,  
a t  room tempekiture, and f o r  1012 yearS a t  100°C. The presence of 
c a t a l y s t s  i n  t h e  geologica l  environment w i l l  presumably a c c e l e r a t e  the  
r a t e s  of these  processes.  
The c h a r a c t e r i s t i c  a r c h i t e c t u r e  of t h e  isoprenoid hydrocarbon 
molecule u n t i l  r e c e n t l y  has  been general ly accepted a s  an unequivocal 
marker of biological-  o r i g i n .  It was thought t h a t  no abiogenic syn- 
t h e s i s  could produce the ,un ique  s t r u c t u r a l  f ,eatures of the  isoprenoid 
molecule. A s  a r e s u l t ,  t h e  i d e a  arose t h a t  t h e  isoprenoid hydrocar- 
bons might be  used t o  des igna te  the  period i n  geological  h i s t o r y  when 
t h e  t r a n s i t i o n  from chemical evolut ionary development t o  b io log ica l  
evblut ionary  development was brought about. The absence of isoprenoid 
hydrocarbons i n  the  organic  e x t r a c t  from a Precambrian sediment might 
s e r v e  a s  a c r i t e r i o n  by which the  period of chemical evolut ionary devel- 
opment might be recognised. That such a t r a n s i t i o n  should e x i s t  and 
t h a t  evolut ion  should be  continuous, not  only i n  t h e  domain of l i v i n g  
organisms, was a concept t h a t  Darwin had c l e a r l y  redognised himself .  
Inadequate chemical knowledge a t  t h a t  time about the  na tu re  of mole- 
cu les  and t h e i r  i n t e r a c t i o n s  prevented f u r t h e r  development of these  
ideas .  
The expecta t ions  t h a t  such a t r a n s i t i o n  might be recognised a t  
t h e  molecular l e v e l  of evolut ionary development has not  been r e a l i s e d  
f o r  s e v e r a l  p r a c t i c a l  reasons. Most important among these  i s  t h e  
pauci ty  of Precambrian sediments known t h a t  might form a chronologi- 
c a l  sequence from t h e  e a r l i e s t  periods of t h e  e a r t h ' s  h i s t o r y  t o  
t h e  advent of t h e  Cambrian (600 mi l l ibn  yea r s ) .  Moreover, drily a 
few of t h e s e  sediments have been s tudied  from the  organic geochemical 
s tandpoint .  A more fundamental reason why t h i s  t r a n s i t i o n  may no t  
I 
have been recognised,  however, now a r i s e s  with the  development of 
a non-biogenic s t e r e o s p e c i f i c  polymerisation of the  isoprene mole- 
c u l e  t o  produce polymefs t h a t  a r e  i d e n t i c a l  with the  isoprenoid poly- 
mers .synthesieed i n  t h e  l i v i n g  system. The - c h a r a c t e r i s t i c  s t r u c t u r e  
of the . i sopreno id  molecule may not  be as s p e c i f i c  a s  once was thought. 
- 
In  a t tempt ing t o  recognise t h i s  t r a n s i t i o n  i n  evolut ionary h i s t o r y ,  
the re fo re ,  i t  i s  necessary t o  e s t a b l i s h  c r i t e r i a  which w i l l  d i s -  
t i n g u i s h  between those  organic  compounds--and p a r t i c u l a r l y  t h e  hydro- 
carbons--that a r e  derived from abiogenic sources and those t h a t  a r e  
der ived from l i v i n g  systems. Only when t h i s  'has been achieved can 
an empir ica l  approach toward t h e  recogni t ion  of t h i s  t r a n s i t i o n  poirit 
be c a r r i e d  out  with any r e l i a b i l i t y .  
The b i o s y n t h e t i c  pathway of t h e  i sop reno id  hydrocarbons h a s  been 
f u l l y  e l u c i d a t e d  ( f o r  a g e n e r a l  review, s e e  R. B. Clayton 13,14 ). It 
has been c s t a b l i s h c d  t h a t  i n  t h e  b i o l o g i c a l  system i sopen teny l  pyro- 
phosphate  p l a y s  an impor tan t  r o l e .  This  f ive-carbon fragment whose 
s t r u c t u r e  is  shown i s  t h e  p recu r so r  t o  a l l  t h e  i n t e rmed ia t e s  involved 
- i n  t h e  i s o p r e n o i d  pathway. Polymer isa t ion  of t h i s  f ive-carbon u n i t  
t a k e s  p l a c e  by n u c l e o p h i l i c  a t t a c k  a t  t h e  5 -pos i t i on  of i s o p e n t e n y l  
5 
pyrophosphate  and subsequent  displacenieht of t h e  pyrophosphate group 
t o  g ive  a 10-carbon fragment ,  o r  monoterpenoid compound. This  d i sp l ace -  
ment i nvo lves  a head t o  t a i l  l i nkage  and h a s  been shown t o  t a k e  p l ace  
i n  a s t e r e o s p e c i f i c  manner.15 This  b i o l o g i c a l  mechanism i s  . r epea t ed  
i n  f u r t h e r  po lymer i sa t i on  r e a c t i o n s .  However, t h e  head t o  t a i l  mechan- 
i s m  is  r e p l a c e d  by a t a i l  t o  t a i l  one a t  two p l aces :  
1) The C15 compound f a r n e s y l  pyrophosphate,  r e a c t s  wi th  ano the r  
molecule  of f a r n e s y l  pyrophosphate t o  give t h e  hydrocarbon ' 
2) I n  t h e  b i o s y n t h e t i c  pathway t o  t h e  carotenoicls ,  C40 gerpen- 
o l d  compounds, an analogous t a i l  t o  t a i l  l i n k a g e  i s  formed between 
two C20 compounds. 
These g e n e r a l  f e a t u r e s . c h a r a c t e r i s e  t h e  i sop reno id  pathway i n  
- 
b i o l o g i c a l  systems.  
Cer t a in  o t h e r  a s p e c t s  of t h e  s t e r e o s p c c i f i c  c h a r a c t e r  of- t h e  bio-  
s y n t l l e t i c  pathway s l ~ o u l d , l ~  mentioned here .  The work of ~ i n d g r e n ' ~  has 
shown t h a t  homologous a l i p h a t i c  C30-C45 t e rpeno l s  a r c  found i n  t h e  wood 
e x t r a c t i v e s  of b i r c h  ( b e t u l a  ve r rucosa  Erh.). The a l coho l s  have t h e  
g e n e r a l  formula 
H- ( ~ ~ 2 - c  (cH;)=cH-cH~)~-oH 
where n i s  6,7,8,9. About 60% of t h e i r  double bonds have t h e  c i s  confi-  
-
gura t ion .  This  f i n d i n g  shows t h a t  C30 te rpenoid  and C40 te rpcnoid  s t r u c -  
t u r e s  h v e  becn i s o l a t e d  from l i v i n g  organisms con ta in ing  both t h e  
t a i l  . t o  t a i l  l i nkage  and t h e  head t o  t a i l  l inkage .  Higher te rpcnoid  
colnpounds have' becn i s o l a t e d  from p i g  l i v e r ,  which is  a r i c h  sou rce  
of d o l i c h o l .  Thc a l c o h o l  has  f i f t e e n  o r  s i x t e e n  of i t s  e igh teen  i n t e r -  
n a l  i sop rene  u n i t s  i n  t h e  s conf igu ra t ion .  17  \ 
DOLI CIIOL 
I s o p r e n y l  a l c o h o l s ,  whose s t r u c t u r e s  have been c h a r a c t e r i s e d  as undeca- 
i soprenol -1  and dodecaisoprenyl-2,  have been i s o h t e d  from B i l k ~ w o r k  ceces.  
The presence  of s o l a n e s o l  i n  t h e  sane  sou rce  was a l s o  confirmed, which 
has t h e  fo l lowing  s t r u c t u r e :  
CH3 
H- (-cH*- bc~-cn,-),-o~~~-) n - o ~  
SOLANESOL (n = 9 )  
Th i s  compound had been c h a r a c t e r i s e d  e a r l i e r  by o t h e r  workarsl9 who had 
i s o l a t e d  t h i s  compound from f lue-cured tobacco.  Its s t r u c t u r e  was 
2 1 
confirmed by Er ickson  -- e t  and by Kof l c r  -- e t  al. a s  a  C45- 
i sop rcno id  compo6nd. Mevalonic a c i d ,  which i s  known t o  be  a precur-  
s o r  of i s o p e n t e n y l  pyrophosphate i n  t h e  b i o s y n t h e s i s  of c h o l e s t e r o l ,  
i s  a l s o  an i n t e r m e d i a t e  i n  t h e  b i o s y n t h e s i s  of ubiquinone,  Vitamin K 
--*,; 
r.  and t h e  t ocophe ro l s ,  a l l  of which con ta in ( i sop reno id  s i d e  chain.  22 
, . 
The b i o s y n t h e t i c  pathway t o  rubber  and g u t t a ,  which i s  a l s o  a  
po ly i sop reno id  and i s  produced by a  sma l l  number of t r o p i c a l  s p e c i e s ,  
h a s  been d i s c u s s e d  by ~ o n n e r . * ~  Both rubber  and g u t t a  a r e  polymeric 
subs t ances  d e r i v e d  from i sop rene  i n  yh ich  t h e  i sop rene  u n i t s  a r e  
l i n k e d  t o g i t h e r  through 1 , 4  l i nkages .  Rubber con ta in s  from 500 t o  
5000 i s o p r e n e  u n i t s ,  wh i l e  g u t t a  con ta in s  about  100 u n i t s .  It i s  
o f  i n t e r e s t  t o  n o t e  t h a t  t h e  double bonds of  t h e  i n d i v i d u a l  i sop rene  
molecules  are i n  t h e  c o n f i g u r a t i o n  f o r  rubber  and i n  t h e  t r a n s  
c o n f i g u r a t i o n  f o r  g u t t a .  No h igh  polymers have been 'found which con- 
t a i n  bo th  t h e  & and t r a n s  geometry. 
Non-Biogenic S y n t h e s i s  of tLc Polyisoprenoid Structure! 
- --. 
The b i o l o g i c a l  po lymer i sa t i on  mechanism invo lves  a s t e r e o s p c c i f i c  
1 ,4  l i n k a g e  of  t h e  i n d i v i d u a l  i sop rene  molecules and i t  L s  t h i s  fea-  
systems.  N a t t a ' s  work h a s  shown that: n o t  on ly  t h e  1 , 4  t r a n s  cnn- 
f i g u r a t i o n  of t h e  biopolymer,  g u t t a ,  bu t  a l s o  t h e  1 , 4  c i s  conf igura-  
-
t i o n  of  t h e  n a t u r a l  rubbe r  can be  reproduced by non-b io logica l  methods. 
t u r e  t h a t  ha s  been h i t e r t o  assumed a  unique a s p e c t  of t h e  b i o s y n t h e t i c  
pathway. Recent s t u d i e s  on t h e  non-biolog'ical po lymer isa t ion  of sma l l  
molecules ,  such a s  propylene  and butadiene,  have i n d i c a t e d  t h a t  t h e s e  
r e a c t i o n s  proceed w i t h  c o n s i d e r a b l e  s t e r e o s p e c i f i c i t y .  
N a t t a  was t h e  f i r s t  t o  show t h a t  t h e  po lymer isa t ion  of conjugated 
d i o l e f i n s  can proceed i n  a s t e r e o s p e c i f i c  manner. H e  demonstrated 
t h a t  bu t ad i ene ,  i s o p r e n e  and 1 , 3  pentadiene were converted t o  poly- 
m e r s  c o n t a i n i n g  99% of l i n e a r  1 ,4  t r a n t * s t r u c t u r e s  by mealls of a l@llly 
s t e r e o s p e c i f i c  c a t a l y s t  Al(Et)3-VC13 (molar Gat io  2 :1) i n k p t a n e .  24 
. 
The presence  of  even small amounts of i m p u r i t i e s  impa i r s  t h e  s t e r e o -  
s p e c i f i c i t y  o f  t h e  r e a c t i o n .  The i n f r a r e d  spectrum of  t h e  polymer 
1 
resembles  t h a t  of  n a t u r a l  rubber .  X-ray d i f f r a c t i o n  s t u d i e s  show 
t h e  l i n e a r i t y  of t h e  polymers and a  p e r i o d i c i t y  of 4.82 a long  
t h e  main a x i s .  The u s e N o f  Tic13 produces a  s t e r e o s p e c i f i c  1 , 4  cis 
l i n k e d  polymer. The e x a c t  mimicking of  t h e  s t e r e o s p e c i f i c  f e a t u r e s  
of t h e  b i o s y n t h e t i c  pathway i n  t h e  te rpenoid  s e r i e s  would seem t o  d i s -  
p e l  t h e  no t ion  t h a t  t h e  head t o  t a i l  l inkage  i s  unique t o  b i o l o g i c a l  
These f i n d i n e s  c a l l  i n t o  s e r i o u s  ques t i on  t h e  v a l i d i t y  of t h e  i sop re -  ' 
noid compounds a s  ' b i o l o g i c a l  markers ' .  C e r t a i n l y  t h e  s t r u c t u r e  of t h e  
i sop reno id  hydrocarbons taken  i n  i s o l a t i o n  can no longer  be  cons idered  
t o  b e  unambiguously de r ived  from a b i o l o g i c a l  p recursor .  The presence  
of t h e  i sop reno id  hydrocarbons i n  crude o i l s  and sediments must be 
viewed a g a i n s t  t h e  background of t h e  o t h e r  components p re sen t  . 
Non-Biogenic Polymer isa t ion  Processes  and chemical 
Evolu t ion  
One e m p i r i c a l  approach which has  endeavoured t o  r e c o n s t r u c t  t he  
e v o l u t i o n a r y  development of  t h e  f i r s t  l i v i n g  organisms a t t empt s  t o  
s i m u l a t e  i n  t h e  l a b o r a t o r y  t h e  types  of ,  chemical r e a c t i o n s  t h a t  could 
have t aken  p l a c e  i n  t h e  p r i m i t i v e  atmosphere and given r i s e  t o  t h e  s imple 
o r g a n i c  molecules  t h a t  c o n s t i t u t e  l i v i n g  organisms today. Th i s  approach 
has  m e t  w i t h  cons ide rab l e  succes s .  By analogy w i t h  t h e  atmospheres of 
o t h e r  p l a n e t s ,  t h e  atmosphere of t h e  p r i m i t i v e  e a r t h  i s  cons idered  t o  
be  e s s e n t i a l l y  reduc ing ,  c o n s i s t i n g  of hydrogen, methane, amnionia and 
water .  Most of t h e  fundamental b u i l d i n g  u n i t s  of l i v i n g  systems inc lud-  
i n g  t h e  amino a c i d s ,  t h e  s u g a r s ,  t h e  pu r ines  and t h e  pyrimidines ,  have 
a l l  been s y n t h e s i s e d  i n  va ry ing  amounts by t h e  
 rimor or dial atmosphere'  
experiments  where energy,  such a s  i o n i z i n g  r a d i a t i o n  i n  t he  form of 
p a r t i c u l a t e  o r  gamma r a d i a t i o n ,  a c t s  on t h i s  mixture  of gases .  
Conspicuously absen t  among t h e  s imple  molecules syn thes i s ed  by 
t h e s e  r e a c t i o n s  i s  t h e  isoprenemolecule .  Any chemical evo lu t iona ry  
t heo ry  which would s eek  t o  account  f o r  t h e  s y n t h e s i s  o f d t h e  po ly iso-  
prenoid  compounds i n  t h e  p r i m i t i v e  atmosphere by invoking polymer isa t ion  
r e a c t i o n s  of t h e  Nat ta  type ,  * u t i l i s i n R  reduced meta l  c a t a l y s t s ,  rnus t , 
a t  t h e  o u t s e t ,  p rovide  a  feasible cxper imcnta l  r o u t e  t o  the  i sop rene  
molecule .  No such pathway h a s  been proposed which has  been j u s t i f i e d  
on an exper imenta l  b a s i s .  
Our i n t e r e s t  was f i r s t  d i r e c t e d  toward a  p o s s i b l e  s y n t h e t i c  r o u t e  
t o  i s o p r e n e  i n  t h e  p r i m o r d i a l  atmosphere by cons ide ra t i on  of a  w e l l -  
e s t a b l i , s h e d  commercial p rocess  which h a s  been used i n  i n d u s t r y  f o r  
many yea r s .  I soprene  is  produced i n  s i g n i f i c a n t  q u a n t i t i e s  a s  a  s i d e -  
p roduct  i n  t h e  thermal  c r ack ing  of a  mixture  of propane and ethane.  25 
These two hydrocarbons a r e  f ed  i n t o  a  p y r o l y s i s  furnace  i n  v a r i o u s  
amounts and undergo thermal  c rack ing  a t  temperatures  approaching llOO°K. 
I n  t h e  p r i m i t i v e  atmosphere t h e  s t a r t i n ' g  m a t e r i a l s  f o r  t h i s  p y r o l y s i s  
r e a c t i o n ,  e thane  and propane, could be  genera ted  from methane i n  t h e  
I 
p r e s e n c e  of  an e x t e r n a l  energy source .  A t  1000°K these  r e a c t i o n s  proceed 
endoeonica l ly  w i t h  a change i n  f r e e  energy an1ount:Lng to.x.17 and -32 
kca ls /mole ,  r c s p c c t i v e l y .  I n  a d d i t i o n  t o  i sop rkne ,  s i z e a b l e  quant : i t i es  - 
of c t h y l c n e ,  propylcne and butad iene  a r c  producecl i n  t h i s  thermal  crack- 
i n g  p roces s .  I n  a  t y p i c a l  f eed ,  t h e  r e l a t i v e  amounts of t h e s e  molecules 
produced a r e  shown i n  t h e  fo l l owing  t a b l e :  
S t a r t i n g  M a t e r i a l s :  50% e thane ,  50% propane 
------------------ 
Rel. Amount (%) 
Ethylene  30 
Propylene 
Eut ad iene  
I sop rene  0.2 
There i s  no r ea son  t o  suppose t h a t  subsequent  po lymer isa t ion  pro- 
ce s se s  i n  t h e  p r i m i t i v e  atmosphere should be  confincd e x c l u s i v e l y  t o  i so -  
p rene ,  Indeed,  one would expec t  t h a t  po lymer isa t ion  processes  i nvo lv ing  
i sop rene  should  proceed more s lowly than  polymer isa t ion  processes  involv-  
i n g  t h e  o t h e r  t h r e e  molecules .  Unlike t h e  molecule of e t h y l e n e ,  t h e  
propylene molecule  i s  s t r u c t u r a l l y  asynimetric. The r e s u l t i n g  polymer 
of propylene can b e  produced i n  v a r i o u s  s t e r i c  con f igu ra t i ons .  Under 
c a r e f u l l y  s p e c i f i e d  c o n d i t i o n s ,  s t e r e o s p e c i f i c  polymers may r e s u l t ,  t h e  
so -ca l l ed  " i s o t a c t i c "  and " synd io t ac t i c "  polymers. S t e r e o s p e c i f i c  poly- 
m e r i s a t i o n s  of bu t ad i ene  may a l s o  g ive  r i s e  t o  ordered  con f igu ra t i ons :  
t h r e o - d i - i s o t a c t i c ,  e r y t h r o - d i - i s o t a c t i c  and d i - synd io t ac t i c . 26  Nat ta  
h a s  a l s o  shown t h a t  a  cis 1/t polybutadiene can be  syn thes i s ed  whose 
t h e  
s t e r i c  p u r i t y  exceeds t h e  s ter ic  p u r i t y  of197 t o  98% C 2  cis u n i t s  found 
i n  n a t u r a l  rubber .  
One may reasonably  ques t i on  t h e  r e l evance  of such polymer isa t ion  
r e a c t i o n s  t o  t h e  k i n d s  of r e a c t i o n s  t h a t  took p l a c e  i n  t h e  p r i m i t i v e  
atmosphere. A l l  t h e s e  po lymer isa t ions  r e q u i r e  s p e c i f i c  c a t a l y s t s  t o  
produce pol.ynicrs of  a  g iven  s t e r i c  con f igu ra t i on .  The l ike l i l iood  of 
t l jesc  p a r t i c u l a r  c a t a l y s t s  be ing  a v a i l a b l e  on t h e  p r i m i t i v e  e a r t h  i s  
. . 
somewhat remote. On t h e  o t h e r  hand, t h e  overa1.l. s i m p l i c i t y  of t h e  
po lymer isa t ion  r e a c t i o n ,  t a k i n g  p l a c e  i n  t h e  presence of meta l s  i n  t h e i r  
reduced o x i d a t i o n  s t a t e s  and u s i n g  only i s o p r e n e  a s  a s t a r t i n g  b a t e r i a l ,  
g ives  credence t o  t h e  hypo thes i s  t h a t  s t e r e o s p e c i f i c  po lymer isa t ion  reac- 
t i o n s  s i m i l a r  t o  t hose  developed by Nat ta  might have taken  p l a c e  i n  t h e  
p r i m i t i v e  atmosphere, and t h a t  t h c  cha rac t e r i s t i c s  1 ,4  -9 t r a n s  head t o  
t a i l  l i n k a g e  of t h e  po1yisoprenoj.d compounds may n o t  be confined s o l e l y  
t o  , tb b i o s y n t h e t i c  mechanisms. 
Accepting f o r  t h e  p r e s e n t  t h i s  hypo thes i s ,  one has  s t i l l  t o  exp la in  
why on ly  t h e  po lymer i sa t i on  mechanisms g iv ing  rise t o  po ly isoprenoid  com- 
pounds surv ived  t o  become an i n t e g r a l  p a r t  of t h e  b i o l o g i c a l  system. 
There i s  no  bbvious reason  why t h e  po ly isoprenoid  compounds should  be  
r e t a i n e d  i n  e v o l u t i o n a r y  development i n  p re fe r ence  t o  t h e  analogous 
polymers based on propylene  o r  bu tad iene .  Many of t h e  po ly isoprenoid  
compounds belong t o  t h e  g e n e r a l  c l a s s  of b i o l o g i c a l  components known 
a s  t h e  l i p i d s ;  t h e  l i p i d s  themselves  form an important  p a r t  of t h e  mem- 
b r a n e s  of  l i v i n g  c e l l s .  The r o l e  of l i p i d s  i n  t h e  t r a n s i t i o n  from chemi- 
c a l  e v o l u t i o n  t o  b i o l o g i c a l  e v o l u t i o n  may have been e s p e c i a l l y  s i g n i f i -  
c a n t .  ~ ~ a r i n ~ ~  h a s  sugges ted  t h a t  an e s s e n t i a l  s t e p  i n  t h e  t r a n s i t i o n  , 
between t h e s e  two e v o l u t i o n a r y  s t a g e s  might be  t h e  formation of mem- 
b r a n e s  around d r o p l e t s  of o r g a n i c  subs t ances  produced i n  t h e  p r i m i t i v e  
atmosphere.  It may be  t h a t  t h e r e  is some impor tan t  s t r u c t u r a l  f e a t u r e ,  
as yet unrecognised and conf ined  only t o  t h e  po ly isoprenoid  compounds, 
t h a t  makes t h e s e  polymers t h e  b e s t  s t r u c t u r a l  c o n s t i t u e n t s  of c e l l  mem- 
b r a n e s ,  A s  a r e s u l t ,  on ly  t h e  po ly isoprenoid  compounds would have  su r -  
v ived  t h e  t r a n s i t i o n  i n t o  b i o l o g i c a l  evo lu t ion .  This  i s  a  s p e c u l a t i v e  
h y p o t h e s i s  f i r  which t h e r e  i s  no exper imenta l  foundat ion a t  p r e s e n t .  
I 
The Fischer-Tropsch r e a c t i o n  h a s  been cons idered  :)by p r o t a g o n i s t s  
of t h e  ab iogenic  t heo ry  f o r  hydrocarbon f o r m a t i o n  t o  be  a  s i g n i f i c a n t  
proces s  i n  t h e  format ion  of petrol.eum. (The Fischer-Tropsch r e a c t i o n  
i s  a  c a t a l y t i c  r e a c t i o n  invo lv ing  carbon monoxide and hydrogen a t  tem- 
p e r a t u r e s  between 200°C and 300°C and a t  a tmospheric  o r  h ighe r  p r e s s u r e s , )  
P r i e d e l  and !3arkeyZ8 were t h e  f i r s t  t o  demonstrate  t h a t  a  s i m i l a r i t y  
e x i s t s  between low molecular  weight a lkane  isomers  (up t o  C ) i n  crude 8 
o i l  and t h o s e  c h a r a c t e r i s e d  i n  t h e  Fischer-Tropsch r e a c t i o n  product .  
Z s  hypo thes i s  ha s  r e c e n t l y  been extended by Kayatsu and And-. "rs t o  
account  f o r  t h e  format ion  of hydrocarbons i n  t h e  eazly s o l a r  system. 2 9 
These au tho r s  sugges ted  t h a t  such a  s i m i l a r i t y  may have some b e a r i n g  on 
t h e  o r i g i n  of  t h e  v o l a t i l e  hydrocarbons of petroleum. Hayatsu and Anders, 
u s i n g  a  mix ture  of  carbon monoxide and deuter ium ho e l imina t e  t h e  contam- 
i n a t i o n  danger ,  provided mass spec t rome t r i c  ev idence  f o r  t h e  presence  of 
a series of d e u t e r a t e d  i sop reno id  hydrocarbons, ranging  i n  carbon number 
from Cg t o  C14. One member of t h i s  s e r i . e s ,  CllD2Cl, had a  s t r u c t u r e  i d e n t i -  
c a l  t o  t h e  CllH24 hydrocarbon,  2,G dimethylnonane, which these  workers had 
i d e n t i f i e d  i n  t h e  Murray me teo r i t e .  Ambiguities can a r i s e  i n  t h e  s t r u c -  
t u r a l  c h a r a c t e r  i s a t i o n  of i soprcnoid  hydrocarbons where t l le evidence i s  
based on mass spcc t romct ry  alone.  30 However, i f  t h c  i d e n t i f i c a t i o n  of a 
honio'l.ogous s c r i c s  of j.coprcnoid hydrocnrl)ons is  conf irtttrtl in t11c Il'iscl,c:r- 
Tropsch r e a c t i o n  product  t h i s  s e r i e s  would be  i d e n t i c a l  wi th  t h a t  r epo r t ed  
by ~ g h r i n g ,  Schenck and Engelhardt  i n  an  talian an Cretaceous s h a l e .  31 1n 
e f f e c t  t h i s  would p r o r i d e  an abj-ogenic r o u t e  t o  t h e  lower mol.ecular wc.%$t 
i sop reno id ,  hydrocarbons t h a t  can be  v i n d i c a t e d  on an experimental  b a s i s .  
One of t h e  wealcnesses of t h e  Fischer-Tropsch theory a s  a  p o s s i b l e  
i n o r g a n i c . 0 r i g i . n  of petroleum is t h a t  i t  h a s  n o t  been ahle t o  account f o r  
t h e  h i g h e r  molecular  weight  i sop reno id  hydrocarbons (C15-C21), inc lud-  
i n 6  p r i s t a n c  a n d  phytnnc,  which a r c  found ubiqubtously i n  crude o i l s  
, and shalt e x t r a c t s  a s  t h e  major components of t h e  'b ranch-cyc l ic1  
hydrocarbon f r a c t i o n s .  Furthermore,  t h e  prcsence of s t e r a n c s ,  t r i t e r -  
p m c s  and hydrocnrlmns dcrivc!d fro111 cnrotcnoid p rccn r so r s  11x1  not: bccn 
dcmons t r a t e d  i n  t h e  Fischer-Tropsch product ,  whereas t h c s c  c l a s s c s  of 
o r g a n i c  colnpounds have been i d e n t i f i e d  i n  bo th  Precambrian and more 
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. r e c e n t  sed iments ,  and a l s o  i n  c rude  o i l s .  The Fischer-Tropsch r e a c t i o n  
product  t h e r e f o r e  e x h i b i t s  on ly  a p a r t i a l  resemblance t o  t he  hydrocarbon . 
c o n s t i t u e n t s  of c rude  o i l s ;  i t  does ,  however, show a c l o s e r  resemblance 
t o  hydrocarbon e x t r a c t s  from me teo r i t e s .  .As a p o s s i b l e  r o u t e  t o  t h e  
po ly i sop reno id  hydrocarbons i n  chemical evb lu t iona ry  development t h i s  
p roces s  would seem t o  b e  s u b j e c t  t o  t h e  same l i m i t a t i o n s '  i n  account ing  
f o r  t h e  i sop reno id  d i s t r i b u t i o n  i n  crude o i l s .  
C r i t e r i a  f o r  Biogenic Or ig in ,  
The exper imenta l  ev idence  p o i n t s  overwhelmingly t o  a  b i o g e n i c  
o r i g i n  f o r  a lmost  a l l  t h e  o r g a n i c  e x t r a c t s  of crude o i l  and s h a l e s .  It 
is  when we come t o  a n a l y s e  such e x t r a c t s  from m e t e o r i t e s ,  32-34 from 
3 6 Thucho l i t e  samples,35 and '  from hydrothermal  d e p o s i t s  t h a t  t h e  o r i g i n  
of  t h e  o rgan ic  e x t r a c t  is much l e s s  c l e a r  c u t .  I n  view of t h e  r e c e n t  
po lymer i sa t ion  s t u d i e s  of  N a t t a  which 'have brought  i n t o  ques t ion  t h e  
v a l i d i t y  of  i sop reno id ,  hydrocarbons a s  'biol.ogica1 markers '  i t  i s  impor- 
t a n t  t o  s ea rch  f o r  c r i t e r i a  which w i l l  p rovide  an unambiguous answer t o  
t h e s e  u n c e r t a i n t i e s  and which w i l l  r econf i rm t h e  fundamental premise  
upon which t h e  o rgan ic  geochemical approach r e s t s .  Th i s  i s  more than 
just an academic e x c r c i s e  f o r  i t  is t h e s e  same u n c e r t a l n t i c s  ohout thc 
o r i g i n  of t h c  ory,anic e x t r a c t s  t h a t  may w r y  wc1.l o r i s c  when thc  I.unnr 
samples a r c  r e tu rned  t o  e a r t h  f o r  a n a l y s i s .  It  is t h e r e f o r e  impera t ive  
t h a t  t h e s e  u n c e r t a i n t i e s  be  reso lved .  
Among the many approaches t h a t  have been adopted i n  endeavouring 
t o  f i n d  c r i t e r i a  which w i l l  determine whether o rgan ic  m a t e r i a l  has  an 
ab iogen ic  o r  b i o g e n i c  o r i g i n ,  one p a r t i c u l a r  approach, which has  n o t  
been u t i l i s e d  t o  any s i g n i f i c a n t  e x t e n t ,  appears  t o  be most promising. 
Th i s  approach invo lves  t h e  de te rmina t ion  of  t h e  p r e c i s e  s t e r eochemis t ry ,  
and p a r t i c u l a r l y  t h e  a b s o l u t e  c o n f i g u r a t i o n  of t h e  o p t i c a l  c e n t r e s ,  of 
t h e  i n d i v i d u a l  c o n s t i t u e n t s  of t h e s e  organic  e x t r a c t s .  
O p t i c a l  a c t i v i t y  measurements i n  t h e  p a s t  have , in  genera1,been 
confined t o  a complex mix tu re  of e x t r a c t e d  o rgan ic  m a t e r i a l .  Nagy e t  a l .  3 7 
--
observed o p t i c a l  a c t i v i t y  i n  t h e  organic  e x t r a c t  from t h e  Orgue i l  meteor- 
i t e ,  and on t h e  b a s i s  o f  t h i s  and o t h e r  ev idence  invoked a  b i o l o g i c a l  
o rkg in  f o r  t h e  o r g a n i c  m a t e r i a l .  Subsequent work on carbonaceous chon- 
38 3 9 d r i t e s  by Urey and Nagy provided a d d i t i o n a l  evidence f o r  t h e  pre- 
s e n c e  of o p t i c a l l y  a c t i v e  m a t e r i a l  i n  such sources .  ~ a ~ a t s u ~ '  has  eon- 
s i s t e n t l y  c r i r i c i s e d  t h e  exper imenta l  foundat ion upon which t h i s  evidence 
r e s t s .  Even if t h e  exper imenta l  foundat ion  were v e r i f i e d ,  however, i t  i s  
d o u b t f u l  what t h e  s i g n i f i c a n c e  of  o p t i c a l  a c t i v i t y  i n  a  complex mixture 
would be u n l e s s  i t  was p o s s i b l c  t o  r e l a t e  t h e  o r i g i n  of t h e  o p t i c a l  
a c t i v i t y  t o  a  s p e c i f i c  component w i t h i n  t h e  mixture,  and t o  c o r r e l a t e  , 
t h i s  o p t i c a l  r o t a t i o n ,  i n  magnitude and d i r e c t i o n ,  with a  known b i o l o g i c a l  
compound.' Furthermore, t h e  spontaneous formation of optica1l.y a c t i v e  sub- 
s t a n c e s  from an i n a c t i v e  m a t e r i a l ,  wi thout  i n t c r y c r e n c e  from a d i r e c t -  
i n g ,  asymmetric agcncy, ha s  been de:nonStrated on an experimental  b a s i s .  
lIavinga41 showed t h a t  methy l -e thy l -a l ly l -an i l in iom i o d i d e  may c r y s t a l l i s e  
spontaneous ly  i n t o  e i t h e r  anantiomer under  c e r t a i n  exper imenta l  condi t ions  . 
I n  g e n e r a l ,  i f  a  nuc l eus  of  one t ype  of enant iomer ic  c r y s t a l s  should begin 
t o  form by spontaneous ,  s t a t i s t i c a l  f l u c t u a t i o n s ,  an autocatal .ytTc 
--' c r y s t a l l i s a t i o n  p roces s  may set  i n , s i n c e  such a nuc leus  tends  t o  grow 
by t h e  a d d i t i o n  of enan t iomer i c  molecules of s i m i l a r  con f igu ra t i on .  
Th i s  obse rva t ion  s u g g e s t s  a  mechanism f o r  t h e  formation of the  f i r s t  
o p t i c a l l y  a c t i v e  subs t ance  and i n d i c a t &  t h a t  o p t i c a l  a c t i v i t y  may no t  
be  a  unique p rope r ty  o f  t h e  b i o l o g 5 a l  system. 
I n  any exper imenta l  approach i t  i s  necessary  t o  c a r r y  ou t  a s  many 
measurements a s  p o s s i b l e  on an i n d i v i d u a l  compound t o  d e s i g n a t e  an un- 
ambiguous s t r u c t u r e .  No a t tempt  has  been made i n  t h i s  l a b o r a t o r y ,  how- 
e v e r ,  t o  de tc rmine  t h e  s t e r eochemis t ry  of t h e  isoprenoicl hydrocarbons 
i s o l a t e d  from t h e  crud& o i l s  and s h a l e s ,  n o r ,  i n  gene ra l ,  have such 
de t e rmina t ions  been made by o t h e r  r e sea rch  workers i n  o rgan ic  geochem- 
i s t r y .  Thcre are  ve ry  good reasons  f o r  t h i s .  U n t i l  j u s t  recent1.y i t  
has  been F e l t  g e n e r a l l y  t h a t  t h c  very s p c c i f i c  s t ~ x c t u r n l  a rch i . t ec turc  
of t h e  ' b i o l o g i c a l  markers '  was i n  i t s e l f  adequate  evidence f o r  a  b io lo -  
g i c a l  o r i g i n .  With t h e  i sop reno id  hydrocarbons,  f o r  i n s t a n c e ,  the 
c h a r a c t e r i s t i c  methyl branch a t  every f o u r t h  carbon atom i s  s o  s p e c i f i c  
t h a t  i t  has  g e n e r a l l y  been  accepted t o  be i n d i c a t i v e  of a  b iogen ic  o r i g i n ,  
F u r t h e r ,  i t  has  been v e r y  d i f f i c u l t  t o  i s o l a t e  t h e  i n d i v i d u a l  components 
i n  s u f f i c i e n t  q u a n t i t y  and p u r i t y  from t h e  very  complex o rgan ic  mixtures  
t o  o b t a i n  a  r e l i a b l e  o p t i c a l  measurement. F i n a l l y ,  wi th  t h e  i sop reno id  
hydrocarbons i n  p a r t i c u l a r ,  t h e  o p t i c a l  r o t a t i o n s  a r e  s o  s m a l l  t h a t  much 
l a r g e r  q u a n t i t i e s  of t h e  compound than  normal (20 - 50 mg) ,as opposed 
42 t o  t h e  o p t i c a l  measurements c a r r i e d  ou t  by H i l l s  and Whitehead on 
mi l l i g r am amounts, a r e  r equ i r ed .  Such q u a n t i t i e s  of i n d i v i d u a l  compounds 
a r e  imposs ib l e  t o  o b t a i n  from most o rganic  chemical samples. For t h e s e  
r ea sons ,  r e p o r t s  of o p t i c a l  measurements having been c a r r i e d  o u t  i n  
o r g a n i c  geochemistry a r e  s ca rce .  42,43 
Desp i t e  t h i s  exper imenta l  d i f f i c , u l t y  i t  is important  t o  c o r r e l a t e  
the s t e r eochemis t ry  of the g e o l o g i c a l  samples wi th  t h a t  of t h e  b io log i -  
c a l  p r e c u r s o r  from which they a r e  thought  t o  be  der ived .  It might be  
p o s s i b l e  t o  s e p a r a t e  d i a s t e r e o i s o m e r i c  forms of a  p a r t i c u l a r  i sop reno id  
hydrocarbon u s i n g  c a p i l l a r y  gas chromatography; prel5minary a t t empt s  
t o  b r i n g  about  t h i s  s e p a r a t i o n  have s o  f a r  no t  been s u c c c s s f u l  i n  t h i s  
l a b o r a t o r y .  P r i s t a n e  can e x i s t  i n  two forms, a s  shown below, and 
p r i s t a n e  i s o l a t e d  from marine sou rces  is  thought t o  have t h e  meso- 
conf 3.gurntion. 
2) Mixture - of d , l  isomers  
The  s e p a r a t i o n  o f  t h e  dinstcreoisol l lers  of p r i s tnnc .  i n  vcry snnll a~nounts 
by c a p i l l a r y  gas - l i qu id  chromatography would provide  a major breakthrough 
i n  expe r imen ta l  t echniques  i n  o rgan ic  geochemistry.  More s i g n i f i c a n t l y ,  
i t  would enab le  one t o  e s t a b l i s h  a  c r i t e r i o n  whereby one could recog- p 
n i s e  o r g a n i c  compounds de r ived  from a b i o l o g i c a l  sou rces  from those  
de r ived  from b i o l o g i c a l  s o u r c e s ,  s i n c e ,  2 p r i o r i ,  one would n o t  expect  
a  C19 s a t u r a t e d  i sop reno id  hydrocarbon, hav ing  e x c l u s i v e l y  t h e  meso- 
con£ i g u r a t i o n ,  t o  b e  produced i n  an ab iogcn ic  s y n t h e s i s .  
Another c r i t e r i o n  f o r  b i o g c n i c  o r i g i n  s tems from a  c o n s i d e r a t i o n  
t h e  
of t h c  b i o s y n t h e t i c  pathway t o  t h e  po1.yisoprcnoicl compounds i n l l i v i n g  
system. This  pathway i s  dominated by the occur rence  of t h e  hcacl t o  
-. t a i l  l i n k a g e  i n  t h e  po lymer i sa t i on  of i s o p i e n t e n y l  pyrophosphate.  The 
c h a r a c t e r i s t i c  t a i l  t o  t a i l  l i nkage  seems t o  t ake  p l a c e  e x c l u s i v e l y  a t  
C15 t o  give C30 compounds such a s  sclualcnc, t h e  p recu r so r  of t h e  s t e r n n e s  
and t r i t e r p a n e s ,  and a t  CZ0 t o  g ive  CL,O compounds such a s  lycopcne. It 
LI 
. may be  t h a t  t h e  non-branched foyr-carbon u n i t  i n  t h i s  t a i l  t o  t a i l  
l i n k a g e  i s  t h e  c r i t e r i o n  f o r  which wc a r e  l ook ing  i n  a s s j g n i n g  a b io lo -  
g i c a l  o r i g i n  t o  compounds i s o l a t e d  from crude o i l s  and scdimcnls.  I n  
t h i s  connect ion w c  have made s e v e r a l  a t t empt s  t o  i d e n t i f y  such a  4-  
carbon u n i t  i n  our  o r g a n i c  geoclicmical s t u d i e s .  The occurrence of a  
C21 s a t u r a t e d  i s o p r e n o i d  hydrocarbon 2,6,10,1-4-tctramcthylheptadecane, 
i n  a series of  sed iments  s u g g e s t s  t h a t  a C40 i s o p ~ c n o i d  hydrocarbon 
such  a s  lycopene,  c o n t a i n i n g  a  t a i l  t o  t a i l  l i nkage ,  might be a  precur- 
44 
s o r .  It does n o t  demand such a  p recu r so r ,  however, and h ighe r  hcad 
t o  t a i l  po ly i sop reno ids ,  such a s  s o l a n e s o l  and d o l i c h o l ,  might be a l s o  
p o s t u l a t e d  a s  p recu r so r s .  The exper imenta l  evidence a l s o  scems t o  i nd i -  
c a t e  t h a t  t h e  C30 i s o p r e n o i d  hydrocarbon, squa lenc ,  does no t  p l ay  a  
s i g n i f i c a n t  r o l e  a s  p r e c u r s o r  t o  t h e  i soprenoid  hydrocarbons. A t  pre- 
s e n t  w e  have been unab le  t o  i d e n t i f y  t h i s  4-carbon s t r u c t u r a l  u n i t  i n  
t h e  o r g a n i c  e x t r a c t s  from sediments .  30 
When i s o p r e n e  is polymerised ab iogen ica l ly ,  one might predict ,-a 
p r i o r i ,  t h a t  t h e  r e a c t i o n  should  n o t  proceed s t e r e o s p e c i f i c a l l y ,  and 
t h a t  t h r e e  compounds should b e  formed -- t h e  hcad t o  t a i l  l i nkage  (h- t ) ,  
t h e  t a i l  t o  ta i l .  l i n k a g e  ( t - t )  and the  head t o  head l i n k a g e  (h-h). This  
is  i l l u s t r a t e d  below: 
i sop rene  
When w e  cons ide r  t h e  a d d i t i o n  of ano the r  molecule of i s o p r e n e  t o  
produce a C15 compound, and a f u r t h e r  molccu1.c t o  gi.vc a C20 compound, 
t hen  s x r c r a l  p roducts  should r e s u l t  whose s t r u c t u r a l  skeletons a r e  shown 
i n  F i g u r e  I. These compounds might be  expected t o  be  p re sen t  i n  hydro- 
carbon mix tures  i f  t hey  were de r ived  by an ab iogenic  process  which d id  
n o t  proceed s t e r e o s p e c i f i c a l l y .  Thus, t h e  presence  of such s t r u c t u r e s  
. i n  o r g a n i c  e x t r a c t s  might be  used a s  a c r i t e r i o n  f o r  ab iogenic  o r i g i n .  
The copolymer isa t ion  of  t h e  s imple  o l e f i n e s  and d i o l e f i n e s  -- 
e t h y l e n e ,  propylene,  b u t a d i e n e  and i sop rene  -- which a r e  produced i n  
t h e  t he rma l  c r ack ing  o f  e t h a n e  and prop'ane . . can l e a d  t o  polymeric 
p roduc t s  which have methyl  groups l o c a t e d  a t  i r r e g u l a r  i n t e r v a l s  a long  
t h e  l i n e a r  polymer cha in .  I f  t h e  non-biogenic po lymer isa t ion  of i so -  
p r ene  w i t h  reduced me ta l  c a t a l y s t s  is  invoked t o  exp la in  t h e  occur rence  
o f po ly i sop reno id  compounds i t  is  t o  be  expected t h a t  c o p o l y m e r i s a t i o ~ ~  
r e a c t i o n s  would have occur red  s imul taneous ly ,The  polymeric products  of 
t h e s e  copolymer isa t ion  r e a c t i o n s  might s e r v e  a s  a  c r i t e r i o n ,  t h e r e f o r e ,  
o f  a b i o g c n i c  o r i g i n .  The s t r u c t u r c  of t h e  proclucts t h a t  a r e  t o  be  expect- 
ed from such r e a c t i o n s  might b e  p r c d i c t c d  from what is a l r eady  known about 
copo lymer i sa t i on  r e a c t i o n s .  E thylene  i s  by f a r  t h e  most r e a c t i v e  of  t h e  
s i m p l e  o l e f i n e s  and w i l l .  be  t h e  major c o n s t i t u e n t  of t h e  r e s u l t i n g  pro- 
d u c t .  The n a t u r e  of t h e  t r a n s i t i o n  me ta l  compound has  been shown t o  
have  major control .  over  t h e  monomer composi t ion of e  thylcne-propylcnc 
copo lyce r s  w i t h  Ziegler-Nat  t a  c a t a l y s t s .  45 Two examp1.e~ 
a r e  g iven  below: 
T r a n s i t i o n  Metal 
T i  Cl4 
VC13 
Ethylene ( r l ) - ~ r o p y l e n e  ( r 2 )  
w i t h  Al (Et )3  
( r  = r e a c t i v i t y  r a t i o )  
Such po lymer i sa t i on  p roduc t s  would be  v i r t u a l l y  s t r a i g h t  cha in  i n  char- 
a c t e r  w i t h  t h e  o c c a s i o n a l  methyl branch. There i s  a tendency t o  termin- 
a t e  w i t h  propylene ,  t h u s  producing iso-hydrocarbon homologies. 46 
Pyrophor ic  m e t a l  c a t a l y s t s  can a l s o  b r i n g  about  copolynier isat ion reac- 
t i ~ n . ~ ~  Onc such c a t a l y s t ,  pyrophoric  i r o n ,  might have been p re sen t  i n  
t h e  reduc ing  environment on t h e  p r i m i t i v e  e a r t h .  These c a t a l y s t s  a l s o  
have t h e  e f f e c t  of reduc ing  t h e  r e a c t i v i t y  of e t h y l e n e  r e l a t i v e  t o  
propylene  by an  o r d e r  of magnitude; on reduced c o b a l t  catal .ysts  they 
47 
appear  t o  r e a c t  a t  t h e  same r a t e s .  
Other  c r i t e r i a  f o r  b iogen ic  o r i g i n  such a s  t h e  odd t o  even d i s t r i -  
b u t i o n  of  normal a l k a n e s  a r e  only r e l i a b l e  f o r  most r ecen t  sediments.  
T h e  i d e n t i f i c a t i o n  of o t h e r  ' b i o l o g i c a l  markers ' ,  o t h e r  than s a t u r a t e d  
i sop reno id  hydrocarbons ,  w i t h i n  a given o r g a n i c  e x t r a c t  i s  a r e l i a b l e  
c r i t e r i o n  i n  complementing t h e  evidence f o r  b i o l o g i c a l  o r i g i n .  Except 
f o r  t h e  porphyr ins ,  however, and t h e  s t e r a n e s  and t r l t e r p a n e s ,  o t h e r  
c l a s s e s  of ' b i o l o g i c a l  markers '  do n o t  s u r v i v e  i n t o  t h e  most c r i t i c a l  
r eg ion  of i n t e r e s t ,  t h e  Precainbrian, which imposes a seve re  l i m i h t i o n  
on thi.s approacli. The f i n d i n g  of ho~riol.ogous s e r i e s  i n  crudc o i l s  and  
sedinients ,  whi le  no t  i n  themselves n e c e s s a r i l y  i n d i c a t i v e  of biologi.ca1 
o r i g i n ,  does augment t h e  cvidencc f o r  the  i soprenoid  hydrocarbons, when 
i d e n t i f i e d  i n  t hc  same e x t r a c t s .  However, t h e s e  a r c  nowhere n e a r l y  as  
ub iqu i tous  i n  o rgan ic  geochemical samples a s  t h e  i soprenoid  hydrocarbons. 
A f u r t h e r  p o i n t ,  which i s  o f t e n  not  s u f f i c i e n t l y  emphasised i n  e s t a b l i s h -  
i n g  c r i t e r i a  f o r  b i o g e n i c  o r i g i n ,  i s  t h e  r e l a t i v e  amounts i n  which these  
i soprenoid  hydrocarbons a r e  found. I n  almost a l l  c a ses  they c o n s t i t u t e  
t h e  major components of t h e  'branch-cycl ic '  hydrocarbon f r a c t i o n ,  an 
obse rva t ion  whichargues s t r o n g l y  f o r  a b iogen ic  o r i g i n .  
Another c r i t e r i o n  f o r  b iogen ic  o r i g i n  i s  t h e  carbon i s o t o p e  r a t i o s  
of t h e  o rgan ic  e x t r a c t .  This  approach i s  based on t h e  f a c t  t h a t  photo- 
s y n t h e t i c  organisms d i s c r i m i n a t e  a g a i n s t  carbon-13 i n  p re fe rence  f o r  
carbon-12. 50'51 Although n o t  d e f i n i t i v e  i n  some cases  such measurements 
on o rgan ic  e x t r a c t s  have a l r e a d y  c a s t  some doubt on cc r t a inp roposa l s  f o r  
an  ab iogenic  o r i g i n  of t h e  hydrocarbons from hydrothcrnial depos i t s .  
F u r t h e r  i n s i g h t s  i n t o  t h i s  poblem might a l s o  be  obta ined  from a develop- 
ment of t h e  carbon i s o t o p e  approach. Nobody has  s t u d i e d  t h e  carbon i so -  
t ope  r a t i o s  of an i n d i v i d u a l  molecule. There a r e  some exper imenta l  problems 
involved  i n  t h i s  approach which can be overcome, however. This  r e p r e s e n t s  
a new f i e l d  of s tudy  which could provide v a l u a b l e  informat ion  i n  ascer -  
t a i n i n g  t h e  o r i g i n  of hydrocarbons. 
Conclusion 
The problem of t h e  o r i g i n  of t h e  i soprenoid  hydrocarbons remains 
inconc lus ive .  The evidence s t i l l  i n d i c a t e s  t h a t  i soprenoid  hydrocarbons 
a r e ,  i n  most ca ses ,  de r ived  from b i o l o g i c a l  sources ,  even i n  t h e  Pre- 
cambrian samples. It is i n  t h i s  geo log ica l  t ime per iod ,  however, t h a t  
we a r e  l ook ing  wi th  renewed i n t e r e s t  f o r  t h e  t r a n s i t i o n  between chemi- 
c a l  e v o l u t i o n  and t h e  advent of b i o l o g i c a l  systems. Nat ta  has  a l r e a d y  
demonstrated an exper imenta l ,  non-biogenic r o u t e  t o  t h e  i soprenoid  
compounds. The p o s s i b i l i t y  of non-biogenic i soprenoid  hydrocarbons 
is  a ve ry  r e a l  one, and c r i t e r i a  must be c s t a b l i s h c d  which w i l l  d i s -  
t i n g u i s h  between those  de r ived  from an ab iogenic  o r i g i n  and those  
de r ived  from b i o l o g i c a l  systems.  
POLYMER1 SATlON OF ISOPRENE 
PHYTANE 
AAAAAdv 
FARNESANE 
2,6-DIMETHYLOCTANE 
ISOPRENE 
H-H 
H-11-H-T 
H-T-H-H-H-T 
XBL 677-4513 
Figure  I 
Abelson,  P.H, , F o r t s c h r i t  te ,  17, - 379 ( l959) .  
Conway, D. and Llbby,  W.F., J. Amer. Chcnl. Soc. - 80, 1077 (1958). 
- 
Abelson,  P.H., Annual Report  o f  t h e  D i r e c t o r  of t h e  G e o p h y s k a l  
~ a b o r a t o r y  , 1953-1954. Carneg ie  I n s t .  Wash. Year Book, - 53,  97 (1954). 
- 
Barghoorn,  E.S., Meinschein ,  W. G. and Shopf,  J. W . ,  S c i e n c e ,  
1 4 8 ,  46 (1965). 
-
Burl ingame,  A . ,  Haug, P., Be l sky ,  T. and Ca lv in ,  M.,  P roc .  Nat. 
Acad. S c i .  U.S. 54, 1406 (1965). 
- 
. 
B i l l s ,  I.R., Whitehead,  E .V. ,  Anders,  D. E. ,  Cummin?, J. J. and 
R O ~ > ~ I ~ S O I I ,  W.  I{. , C h r m .  Coaim. -- No. ' 22 ,  p. 752, 1.3GG. 
Meinschc in ,  W. G . ,  Barghoorn,  E. S. and Schopf ,  J. W . ,  S c i e n c e ,  
8. Meinsche in ,  W .  G . ,  S c i e n c e ,  .- 150,  3696 (1-965). 
1 I t  
9. Oro, J. ,  Nooner, D. W . ,  Z l a t k i s ,  A.,  Wikstrom, S. A. and Rarghoorn 
E. S., S c i e n c e ,  148, 77 (1965). 
-
10. Johns ,  R. B., B e l s k y ,  T. ,  McCarthy, E.D., Burlingame, A. L., 
IIaug, P . ,  Schnoes ,  H. K. ,  R i c h t e r ,  W . ,  and Cal.vin, El., Geochim. e t  
Cosmochim. Actn 30, 1 1 9 1  (1966). 
- --, --  
11. 0 ,  J. and Nooner, D. W . ,  Na tu re ,  213, 1082 (1967). 
-. 
12. Myers, P. S. and Watson, K. M. N a t i o n a l  Petrol.cum News, - 9  3 8  
- 
13.  C l a y t o n ,  R. R . ,  Quar t .  R e v . ( ~ o n d o n ) .  P a r t  I: - XLX, No. 2 ,  1 6 8  (1965). 
 
14. Clay ton ,  R. E . ,  Quart. Rev. (London), P a r t  11: --- X I X ,  No. 3 ,  201 (19G5). 
Linclgren, 1<.0., Acta Chem. Scnnd.  1 9 ,  1317 (lgG5). 
- -- 7
But tcnqor th ,  P.H.W., Drapcr,  H.H., Hemming, F.W. and Norton, R. A.  
Arch. Riochem. Riophys. 113,  646 (1966). 
== 
Fukawa, H . ,  Toyoda, M. ,  Shimizu, T. and Murohashi, M . ,  Tetrahedron 
L e t t e r s ,  - 49, 6209 (1966). 
- 
Rovland, R. L. ,  La t imer ,  P.H. and Gilcs, J. A.,  J. Amer. Chem. Soc, 
Erickson ,  R. E., Shunk, C. H . ,  Trenner,  N. R., Arison,  B. H. a n d .  
Fo lke r s ,  K . ,  J. Amer. Chem. Soc. 81, 4999 (1959). 
- 
1 1 
Kof le r ,  M. ,  Langemann, A . ,  Ruegg, R. ,  Gloor,  U., Schwei te r ,  U., 
11 Wurch,. J. ,  Wiss, 0 .  and Isler,  O . ,  Helv. Chim. Acta, :42, 2252 (1959). 
Thorne, K . J . I .  and Kodicek, E., Biochim. Biophys. Acta,  59, 280 (1962). 
-. 
Bonner, J., Chap. 1 6 ,  E i o g e n i s i s  of Na tu ra l  Compounds, ed. P. Bern- 
f e l t ,  Pergamon P r e s s ,  1963. 
Na t t a ,  G . ,  P o r r i ,  L. ,  Co r r ad in i ,  P. and Morero, D.,  Chim. e Ind. (Milan),  
P r i v a t e  Conununication, from Dow Chemical Company, F r e e p o r t ,  Texas. 
Na t t a ,  G. ,  S c i e n t i f i c  American, 205, 33 (1961.). 
-
Oparin,  A. I., The O r i g i n  of L i f e ,  Dover, New York, 1936. 
F r i e d e l ,  R. A. and Sharkey, Jr., A. G . ,  Sc ience ,  139, 1203 (1963). 
-
 
Hayatsu, R. ,  and Anders, E., p r ep r5 t  (submit ted t o  Sc ience ,  J u l y  1967). 
r' 
McCarthy, E. D. ,  and Calv in ,  M.,  Tetrahedron -9 - 23, 2609 (1967). 
 
I t  - L 
Gohring, K.E.H., Schenck, P.A. and Engelhard t ,  E. D. ,  Na ture ,  
215, 503 (1967). 
-
Meinschein,  W. G . ,  Nagy, B. and Hennessy, D. J . ,  Ann. N .Y .  Acad. S c i .  
-
108, 553 (1963).  
7- 
-
33. S t u d i e r ,  M.H., Haya t su ,  R. ,  and Anders,  E. ,  Scj-cnce,  - 149, 1455 (1965). 
3 4 .  Burlingame, A. L., and Schnoes,  H. K . ,  S c f e n c ~ + ,  - 1.52, lo[! (1966);  Urey ,  H. C. 
and Lewis,  Jr. J .S . ,  S c i e n c e ,  E, 102 (1966). 
- 
Hoefs,  J. and S c h i d l o w s k i ,  M., S c i e n c e ,  E, - 1096 (1967). 
Ponnamperuma, C. and Per in$ ,  K. ,  Nature,2&9, 979 (1966);  Ponnan- 
peruma, C ,  and Periing K . ,  Gcochfrn. e t  Cosmochim. Acta ,  2, 1350 (1967). 
-
Nagy, E., %&., N a t u r e ,  202, 228 (1964).  
-
Urey, 11. C., S c i e n c e ,  151, 157 (1966). 
- 
Nagy, B., S c i e n c e ,  - 150 ,  1846 (1965). 
Hayatsu,  R., S c i c n c e ,  Ale, 443 (1965); Hayatsu,  R., S c i e n c e ,  153, 
- -
859 (1966).  
Havinga,  E . ,  Biochim. Biophys. Ac ta ,  - 13-, 371  (1954).  
H i l l s ,  I . R . ,  and Whitehead,  E.V., p r e s e n t e d  a t  3 r d  I n t .  mee t ing  
1 on Geochemist ry ,  London, 1966. 
9 
4 3 .  Louis ,  M . ,  Revue d e  L 1 l n s t j . t u t  F r a . a i s  du Pctro1.c --A =-A X I X  Fcb. 
1964, pp. 277-280. 
44. McCarthy,E.I) . ,  V a n B o e v c n , W . ,  a n d C a l v i n , M . , _ T e t r a h c d r o n L e t t c r s  
( i n  p r c s s . )  
45. Lenz,  R. W . ,  Chapt.  1 5  i n  - Orpni.c Cheniistry o f  S y n t h e t i c  Hi.p,li - P&- - 
mers ,  I n t e r s c i c n c e  P u b l i s h e r s ,  1967. 
46. ib ic l . ,  Chapt. 15 .  
47 . Aries, K.S., U.S. P a t c n t  O f f i c e ,  No. 3,114,719. 
48. H r e s l c r ,  L.S., Dolgoplosk,  E.A., Kolechkova, M.F. and Kropacheva, Y e .  N . ,  
Polymer S c i e n c e  -- USSR, 5, 1.012 (19G3). 
- 
50. P a r k ,  R., and E p s t e i n ,  S . ,  Ceochim. Cosmoc1~5m. Acta ,  2, -- 1-10 (1960).  
51. P a r k ,  R. and E p s t c i n ,  S . ,  P l a n t  P l v s i o l .  _----- --- 36,  1 3 3  (1961).  
 
T h i s  r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commiss ion :  
A. Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e 1  y  owned r i g h t s ;  o r  
B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f r o m  t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  
A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
C o m m i s s i o n "  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  
